Introduction
In recent years, significant concern has risen about the consequences of a possible destabilization of methane hydrates in continental margins under the influence of an increase in ocean bottom-water temperature induced by global warming. It is believed that such could lead to a massive release of methane into the water column, and eventually into the atmosphere, where it would contribute to enhance the greenhouse effect. Similar scenarios, involving an externally triggered dissociation of oceanic hydrates, have recently been invoked to explain other strong and sudden warmings in Earth's history, e.g. the Late Palaeocene thermal maximum (Dickens et al., 1995; Katz et al., 1999) , the termination of Pleistocene glaciations (Paull et al., 1991) and DansgaardOeschger events (Kennett et al., 2000) . But, up to the present, observations of ongoing hydrate destabilization in nature are scarce.
We present here new geophysical and geological data that document some highly anomalous characteristics of the gas hydrates in Lake Baikal, which we infer to indicate a process of ongoing, focused destabilization of deep hydrates, associated with methane escape at the lake floor.
Lake Baikal and the Baikal gas hydrates
Lake Baikal, in central Siberia, is the world's largest and deepest rift lake and the only freshwater basin with proven hydrates. The presence of gas hydrates in the Baikal sediments was first inferred by Golmshtok et al. (1997) from the observation of a Ôbottom-simulating reflection (BSR)Õ on multichannel seismic (MCS) reflection profiles. They traced this BSR over an area of > 4000 km 2 on the slope of the Selenga River delta and the basin floors of the adjacent southern and central Baikal subbasins (Fig. 1) . In 1997, hydrate samples were retrieved in a 225-m-long BDP (Baikal Drilling Project) core from the southern Baikal subbasin (Kuzmin et al., 1998 (Kuzmin et al., , 2000 . The hydrates consisted essentially of methane (> 99% of the total gas volume; only hydrocarbon in the sample) of biogenic origin (d 13 C between ) 58& and ) 68&) (Kuzmin et al., 1998) .
Study area and methods
This study focuses on a region in Lake Baikal's hydrate province, close to the BDP site, where Golmshtok et al. (1997 Golmshtok et al. ( , 2000 observed on MCS profiles the BHSZ to be irregular and not mimicking the lake floor.
In August 1999 and March 2000 we acquired new high-resolution seismic reflection profiles and in-situ heat flow measurements in this region, in a small study area of about 25 km · 35 km, in water depths of 1320-1440 m (Fig. 1 ). This area is located over the hanging wall of a major active fault, the Posolsky Fault, which is part of the structurally complex boundary system between the southern and central Baikal subbasins. Just north of our study area, the Posolsky Fault offsets the lake floor by about 200 m. A number of small secondary faults occur within our study area.
About 20 single-channel seismic reflection profiles, with a total length of 150 km, are arranged in two connected grids (a western and an eastern grid). An Impulse-1 airgun (45-330 Hz) was used as seismic source; penetration was about 500-600 m and vertical resolution about 3 m. A total of 23 heat-flow measurements, which were based on in-situ measured thermal conductivity and temperature gradients using a 2-m-long GEOS-T marine thermoprobe, were taken along three of the seismic profiles.
In addition, side-scan sonar mosaics, echosounding profiles, sediment cores and CTD measurements were collected in the same study area. These data have been discussed by Van Rensbergen et al. (2002) .
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Data and observations
Our seismic data generally display the same characteristics as other singlechannel seismic data of similar resolution from Lake Baikal's hydrate province (Vanneste et al., 2001 ): a weak and discontinuous BSR of variable amplitude, associated with amplitude blanking above and enhanced, polarity-reversed reflection segments or Ôbright spotsÕ below (Fig. 2 ). This seismic event occurs at the same subbottom depth as the high-amplitude and polarity-reversed BSR of Golmshtok et al. (1997 Golmshtok et al. ( , 2000 ) (see figure 3 in Vanneste et al., 2001 ). Its position is in agreement with the theoretical depth of the base of the hydrate stability zone (BHSZ) for methane hydrates under Baikal conditions (Vanneste, 2000) . On many of our seismic profiles, the weak BSR itself is not present, but the enhanced reflector segments are very distinct; they most likely indicate the presence of free methane gas below the HSZ (Vanneste et al., 2001) .
In the western part of the seismic grid, this BHSZ-event runs regularly Fig. 1 Morphostructural map of the central part of Lake Baikal, showing the bathymetry and the main faults in the Selenga River delta region (Scholz and Hutchinson, 2000; Mats et al., 2000) . The grey-shaded areas at either side of the delta show the extent of the BSR as mapped from MCS data (Golmshtok et al., 1997 (Golmshtok et al., , 2000 . Stars indicate areas with anomalously shallow and disrupted BSR, and with inferred or observed gas seeps (Golmshtok et al., 2000; Van Rensbergen et al., 2002) . SBB ¼ southern Baikal subbasin; CBB ¼ central Baikal subbasin. Inset map shows the location of the seismic, heatflow and side-scan sonar data used in this study. and smoothly at a predictable subbottom depth. It is not influenced by the presence of folds or faults (Fig. 2) . A structural contour map of the BHSZreflection in the study area (Fig. 3) shows a generally flat and gently dipping BSR, in agreement with the gradually deepening lake floor.
When tracing the BHSZ-reflection towards the eastern part of the grid, it suddenly becomes irregular and no longer mimics that the lake-floor morphology. On Fig. 4 it is characterized by undulations and sudden shifts with amplitudes of up to > 100 ms TWT. Figure 5A shows that the BHSZ-event becomes highly disrupted and rises to a very shallow subbottom depth of only 150 m (as opposed to 300-350 m in the surrounding areas). On this profile the BHSZ-reflection is also vertically displaced along a small fault with an apparent offset of 110 m, which is much larger than the actual throw of the fault (about 75 m) as measured at the displaced strata. Just adjacent to this fault, the BHSZ-event is entirely disrupted by a narrow vertical zone of chaotic reflections. This Ôseismic chimneyÕ extends up to 200 m high, from the BHSZ to the lake bottom, where it visibly affects the lake-floor morphology. A parallel profile (Fig. 5C ) also shows the updoming of the BHSZ adjacent to the fault, but here the BHSZ has an irregular mushroom shape within the crest of a roll-over anticline in the footwall of the fault. On the structural contour map (Fig. 3) , the regional significance of these anomalies is evident. There are two distinct anomalous areas in the eastern part of study area: a broad region of deeper than expected BHSZ, which actually consists of two separated BHSZ-lows, and a narrow area of very shallow BHSZ, which forms a kind of dome or Terra Nova, Vol 14, No. 6, [436] [437] [438] [439] [440] [441] [442] ridge structure about 10 km long and 2 km wide, just adjacent to the fault. Our in-situ heat-flow measurements in the study area generally yielded values between 45 and 100 mW m )2 . This is slightly higher than average heat-flow values for the southern Baikal subbasin (about 50-70 mW m )2 ; Duchkov et al., 1999; Golubev, 2000) . The highest values were recorded in areas characterized by a shallow BHSZ. Locally, right above the crest of the up-domed BHSZ, anomalously high heat flows of 110-165 mW m )2
were measured (Fig. 5B) . We compared these in-situ measured heat-flow values with values calculated from the depth-to-BHSZ picks on our seismic data, following the procedure of Golmshtok et al. (1997 Golmshtok et al. ( , 2000 . We assumed that the hydrates formed out of pure methane and fresh pore water (salinity 0.76&), and we used a bottom-water temperature of 3.361°C as measured by CTD casts, as well as empirically determined compaction and P-wave velocity functions for Lake Baikal sediments (Golmshtok et al., 2000; Vanneste, 2000) . The western part of the area shows normal inferred heat-flow values of 57-70 mW m )2 , while the eastern part of the area shows inferred heat-flow values of up to 95-100 mW m )2 in the area of shallow BHSZ (Fig. 5B) . These values are generally -and within the method's error (estimated to be about 15%) -in very good agreement with those obtained by the in-situ measurements (Fig. 5B) .
Van Rensbergen et al. (2002) report the presence of four fluid-escape structures at the lake floor in the area of up-domed BHSZ (Fig. 3) , based on seismic and side-scan sonar data and detailed single-beam echo-sounding bathymetric mapping. These seeps are up to 800 m in diameter and comprise both depressions (craters) and elevations (mud volcanoes). Echosounding reveals acoustically turbid ÔplumesÕ, 10-20 m in height, in the water column above the seep areas. CTD measurements in and around the seeps suggest that they most likely consist of pore fluids and methane (for discussion see: Van Rensbergen et al., 2002) . One of these seeps coincides with the Ôseismic chimneyÕ observed on our seismic profiles (Fig. 5A) . Such Ôseismic chimneysÕ are generally interpreted as conduits of upward-migrating gasses and ⁄ or fluids within the sedimentary section (Hovland and Judd, 1988) . This observation suggests that the expelled fluids in the seep originate at the base of the up-domed HSZ.
The seismic and side-scan sonar data from the seep and mud-volcano area indicate that they are relatively young features: thin lenses of extrusive mud only occur at or just below the surface, and none has been identified at deeper levels (Van Rensbergen et al., 2002) .
Irregular BSR morphology and anomalous heat flow
The irregular morphology of the BHSZ in our study area indicates that strong but localized variations are present in one or more of the variables Fig. 4 Seismic profile GAHY21 in the eastern part of the study area, showing a strongly undulating BHSZ-reflection. At the crest of one of the undulations it occurs at a shallower subbottom depth than the theoretical BHSZ in the area, but in troughs it occurs at a much deeper subbottom depth. For location see Fig. 3 . controlling the depth of the hydrate phase boundary: temperature, pressure and gas or pore-water composition. The fact that unusually deep and unusually shallow BHSZ depths occur in the area almost side by side indicates that these variations follow complex patterns with opposing effects. This rules out pressure and gas or pore-water composition as potential controlling factors. It is, for example, difficult to invoke a mechanism by which subbottom pressures would be generated that are lower than the background hydrostatic pressure (required to generate the anomalously shallow BHSZ), and it is also hard to conceive a process by which different mixtures of gas and ⁄ or pore water could coexist at the BHSZ in such a small region. The good correlation between the heat-flow values inferred from the depth of the BHSZ-reflection and the heat-flow data from in-situ measurements indicates that the irregular morphology of the BHSZ is predominantly temperature-controlled and directly related to the existence of local heat-flow anomalies.
The question then rises whether these variations in depth of the BHSZ represent a steady-state situation of the thermal field in that area, or whether they result from a transient perturbation of the thermal field. The former scenario would imply the BHSZ to be in equilibrium and to be characterized by lateral variations in subbottom depth that are stable through time. The latter implies that the BHSZ has migrated vertically from its ÔnormalÕ position in response to the thermal perturbation, i.e. downwards in the area of deep BHSZ and upwards in the area of shallow BHSZ. The upward migration of the BHSZ is a process that must have been accompanied by the dissociation of preexisting hydrates and the generation of large amounts of free methane.
Methane venting as an indication of hydrate destabilization
Methane seeps are quite common in oceanic hydrate provinces, where methane is usually released at the sea floor by dispersed seepage over large areas, e.g. in pockmarks or crater fields (Ginsburg, 1998) , or by more focused escape along shallow faults (Mienert and Posewang, 1999; Suess Fig. 5 (A) Seismic profile GAHY30 in the eastern part of the study area, showing an up-doming BHSZ-reflection, strongly disrupted by small faults. Adjacent to one of the faults, the seismic section is completely disturbed by a narrow vertical zone of chaotic reflections (Ôseismic chimneyÕ). The profile crosses one of the fluid-escape structures described by Van Rensbergen et al. (2002) . (B) Heat-flow variations along the profile. Posted heat-flow values were calculated from in-situ measurements of thermal conductivity and temperature gradients; theoretical heat-flow values were calculated from the depth of the BHSZ. (C) Seismic profile GAHY23 in the eastern part of the study area, showing an up-doming BHSZ-reflection in the crest of a rollover anticline in the footwall of the small fault. For location see Fig. 3 . et al., 1999) . In these contexts, the BHSZ is usually not characterized by distinct anomalies and the methane is considered to originate from the regional, gradual (bottom-up) destabilization of hydrates at the BHSZ. Our data show that the fluid and gas seeps at the lake floor occur precisely above the small area of anomalously shallow BHSZ (Fig. 3) . Elsewhere in Lake Baikal's hydrate province, sidescan sonar data show the lake floor to be smooth and flat without craters or pockmarks, and there are no indications of fluid or gas escape at the lake floor.
The morphology and structure of the seeps indicates that they are relatively young features (Van Rensbergen et al., 2002) . This is also corroborated by the heat-flow signature in the seep area. In-situ heat-flow measurements above the crest of the up-domed BHSZ yield values of up to 110-165 mW m )2 (Fig. 5B) , which show the same trend as but are higher than those derived from the seismic data, suggesting that non-equilibrium thermal conditions exist in this area.
Our observations thus include: (1) a vertical Ôgas chimneyÕ on seismic profiles, commonly interpreted as representing conduits of upward-migrating gases and ⁄ or fluids; (2) expulsion of fluids (most likely including methane) in a series of seeps and mud volcanoes that appear to be relatively young and still active features; and (3) heat-flow indications of a non-equilibrium thermal situation. All these features occur in a small area above the crest of the up-doming BHSZ, precisely where an excess of fluid and methane would be expected at depth if the BHSZ were to have moved upwards. There are no indications for the presence of other (deep) sources of biogenic or thermogenic methane in the area. We therefore infer that the observed seeps are genetically associated with the depth anomalies of the BHSZ, and that they are the surface expression of escape pathways for overpressured fluids (methane and water) generated by the dissociation of pre-existing hydrates in response to a thermal pulse. Such a thermal perturbation might have been caused by an upward flow of hydrothermal fluids -e.g. guided by the nearby fault planeadvecting warmer waters from deeper in the basin towards the BHSZ. None of our observations by itself proves that the lake-floor seeps result from hydrate destabilization, but combined they form a compelling series of indications in favour of a young, shallow (i.e. BHSZ) source of methane.
The process by which methane from the BHSZ is enabled to bypass the HSZ is still not well understood. Recent data from other hydrate provinces (e.g. Blake Ridge, Hydrate Ridge) suggest that also there methane may be migrating through the HSZ through faults and permeability pathways (e.g. Tre´hu et al., 1999; Holbrook et al., 2002) .
Conclusion
In this paper we speculate about a unique case of young and still ongoing destabilization of natural methane hydrates in a tectonically active lacustrine basin via a process of upward flow of hydrothermal fluids advecting heat to the BHSZ. Excess methane and fluids released by this destabilization are escaping at the lake floor under the form of seeps. To date, it is not possible to quantify the methane flux at the lake floor, nor the amount of methane that may eventually get transferred to the atmosphere. Nevertheless, the methane released at the lake floor resulting from such a hydrate destabilization might eventually alter the physical-chemical characteristics of the lake by diffusion and dissolution into the water column, by thermal mixing and by oxidation, and it might also affect benthic life in the lake.
Our observations bring new insights to our growing understanding of the vulnerable stability of this dynamic methane reservoir in the Earth's shallow subsurface, and alert us that this stability may be more easily disturbed than previously thought, not only by external factors -such as climatically controlled sea-level or water-temperature changes -but also by internal factors, such as the intrinsic tectonic activity of the area itself.
